Objective: To test whether cross-sectional or longitudinal measures of thigh muscle isometric strength differ between knees with and without subsequent radiographic progression of knee osteoarthritis (KOA), with particular focus on pre-osteoarthritic female knees (knees with risk factors but without definite radiographic KOA). Methods: Of 4,796 Osteoarthritis Initiative participants, 2,835 knees with Kellgren Lawrence grade (KLG) 0-3 had central X-ray readings, annual quantitative joint space width (JSW) and isometric muscle strength measurements (Good strength chair). Separate slope analysis of covariance (ANCOVA) models were used to determine differences in strength between "progressor" and "non-progressor" knees, after adjusting for age, body mass index, and pain. Results: 466 participant knees exceeded the smallest detectable JSW change during each of two observation intervals (year 2/4 and year 1/3) and were classified as progressors (213 women, 253 men; 128 KLG0/1, 330 KLG2/3); 946 participant knees did not exceed this threshold in either interval and were classified as non-progressors (588 women, 358 from men; 288KLG0/1, 658KLG2/3). Female progressor knees, including those with KLG0/1, tended to have lower extensor and flexor strength at year 2 and at baseline than those without progression, but the difference was not significant after adjusting for confounders. No significant difference was observed in longitudinal change of muscle strength (baseline/year 2) prior to radiographic progression. No significant differences were found for muscle strength in men, and none for change in strength concomitant with progression. Conclusion: This study provides no strong evidence that (changes in) isometric muscle strength precedes or is associated with structural (radiographic) progression of KOA.
Introduction
Knee osteoarthritis (KOA) causes severe functional limitations and reductions in the quality of life 1 and has substantial impact on medical care expenditures 2 . Biomechanical factors and excessive joint loading are known to play an important role in the onset and progression of KOA 3e5 . Loss of thigh muscle strength, particularly the quadriceps, may adversely affect knee joint loading and biomechanics 6e13 and is an important contributor to knee pain and functional disability 14, 15 . Therefore, muscle (particularly quadriceps) strengthening has been recommended for the clinical management and treatment and potential prevention of KOA 16e18
. However, it is controversial whether muscle strengthening exercise has the potential to modify structural progression in KOA 13, 18, 19 . It has been suggested that adequate quadriceps muscle strength may protect against incident symptomatic KOA, but not against incident radiographic KOA 13, 20 . Further, conflicting evidence exists, as to whether quadriceps strength is less in KOA patients with (radiographic) progression compared with those without progression 21e25 . Thorstensson et al. 23 observed a relationship between reduced quadriceps strength and the onset of radiographic KOA in preosteoarthritic knees (knees with risk factors for, but without established KOA at baseline), but not with worsening of the KL grade in those with established (definite radiographic) KOA at baseline. Other studies in cohorts with KOA risk factors (but predominantly without definite radiographic KOA) also reported a relationship between muscle weakness and structural KOA progression, i.e., with femoral cartilage loss 26 and worsening of the femoro-tibial joint space narrowing (JSN) grade 25 . The latter finding was specific to women and was not evident in men 25 . Hence, it has been proposed that muscle strength may be a modifiable risk factor of KOA progression in women, but not in men, and that this may apply primarily to pre-osteoarthritic knees [Kellgren Lawrence grade (KLG) 0-1], but not to those with definite radiographic KOA (KLG ! 2).
In the current study, we used data from the Osteoarthritis Initiative (OAI) cohort, in which isometric measurement of thigh muscle strength and quantitative measurement of knee joint space width (JSW) were obtained from fixed flexion radiographs 27 , to test the following primary hypotheses:
Thigh isometric muscle strength is less in women (but not in men) with subsequent radiographic progression of KOA than in those without radiographic progression. Differences in thigh isometric muscle strength between progressor vs non-progressor knees are greater in female preosteoarthritic knees compared to female knees with definite radiographic KOA.
Secondary hypotheses were:
Longitudinal reduction in thigh isometric muscle strength during an interval preceding radiographic progression of KOA is greater in women (but not in men) with radiographic progression than in those without. Differences in longitudinal reduction in thigh isometric muscle strength between progressor vs non-progressor knees are greater in female pre-osteoarthritic knees compared to those with definite radiographic KOA.
On an exploratory basis, we also studied whether cross-sectional differences or longitudinal reductions in thigh isometric muscle strength are stronger in preosteoarthritic knees of men compared to those with definite radiographic KOA, whether (cross-sectional) differences between progressor and non-progressor knees can be identified 2 years early to the period of radiographic progression, and whether longitudinal changes in thigh isometric muscle strength occur concomitant to the interval of progression.
To our knowledge, this is the first study to analyze longitudinal changes of isometric muscle strength during an interval before that of radiographic (structural) progression. This aspect is important, because in the longitudinal analysis every participant serves as his/ her own control, and because a potential relationship between longitudinal change and subsequent structural progression would be more suggestive of potential benefits in modifying strength to reduce subsequent progression.
Methods

The OAI
Clinical and imaging data were obtained from the OAI, an ongoing multi-center longitudinal cohort study (http://www.oai. ucsf.edu/), designed to identify biomarkers of the onset and/or progression of KOA 28 . The 4,796 OAI participants were 45e79 years old (Table I) , with or at risk of symptomatic KOA in at least one knee 28 . Both knees were studied using fixed flexion radiography at baseline, one (Y1), two (Y2), three (Y3), and 4 year (Y4) follow-up; measures of muscle strength were obtained at baseline, Y2, and Y4 in a majority of participants.
Study design and sample selection
For this prospective, longitudinal caseecontrol study, knees were selected as following ( Fig. 1): -From the 4,796 OAI participants, we excluded 122 healthy reference subjects without risk factors of KOA 28, 29 -Of these 4,674 subjects, 1,396 were from the progression subcohort and had both frequent symptoms (most days of the month within at least one of the past 12 months) and radiographic KOA (cKLG ! 2 in the site readings) in at least one knee 28 . The remaining subjects were from the incidence subcohort and had either frequent symptoms or radiographic KOA (but not both), or neither frequent symptoms nor radiographic KOA, but risk factors of incident KOA 28 .
-Of the 9,348 knees of these 4,674 participants, 8,681 had central radiographic readings (from expert readers at Boston University) at baseline for radiographic classification 28 . Please note that only knees with at least one follow-up visit and only knees with acceptable positioning, centering, tibial alignment, and radiographic exposure received central X-ray readings. -Of these 8,681 knees, we excluded 294 with end stage radiographic KOA (KLG4) at baseline, because of a lack of a dynamic window for radiographic progression in subsequent time intervals. -Of the remaining 8,387 knees (KLG0-3), 6,420 (77%) had measurements of isometric extensor and flexor strength at baseline (BL) and at Y2 (Fig. 1) . Please note that some measurements were lacking due to equipment issues and that subjects who recently had knee replacement surgery or were not (physically) able to complete the measurement also were not included. Further, in 367 subjects, strength measurements were taken at year 1 and 3 instead of baseline and year 2, because no valid measurement was obtained at baseline (or because the participants missed the baseline strength test), and the measurement therefore had to be repeated at the next visit. -Of the 6,420 KLG 0-3 knees with central radiographic readings and isometric strength measurement (at baseline and year 2 follow-up), 3,585 (56%) did not have complete data on JSW at Y1, Y2, Y3, and Y4 to determine/confirm radiographic progression ( Fig. 1 and see below) . Of these 3,585 knees, 2,720 did not get any measurement (due to limited funding), and 865 were drop outs (i.e., had some, but not all measurements). Of the 3,585 knees, 439 were from the progression subcohort (16% of this subcohort) and 3,146 were from the incidence cohort (48% of this subcohort). -To select progressor knees, we identified those with a reduction in the medial minimum JSW (mJSW) in fixed flexion radiographs 27 during Y2/Y4 that was larger than the smallest detectable change (SDC 30 ¼ À328 mm). This threshold was determined based on reliability data from the OAI obtained by measuring the same images twice (kXR_quantJSW reliability_Duryea 0.1 and 1.1). Because these reliability data did not account for knee repositioning, we confirmed appropriate progressor classification by ascertaining that these knees also exceeded the SDC threshold during Y1/Y3. We felt this was crucial, because inconsistent positioning of knee relative to the film may result in differences in tibial rim distance and/or beam angle and may lead to false positive observations of progression in knees without change 31 . However, the likelihood for a knee to be inconsistently positioned to falsely indicate progression during two independent intervals is much smaller.
-To select controls without radiographic progression, we identified knees that did not show a reduction in mJSW larger than the SDC 27 during Y2/Y4 or during Y1/Y3. To exclude knees with potential progression in the lateral femoro-tibial compartment, we further excluded those with an increase in JSN grade (central radiographic readings) during Y2/Y4. JSN grade was used because of lack of validation of quantitative JSW measures in the lateral femoro-tibial compartment 32 . 
Measurement of isometric muscle strength
Isometric muscle strength was measured using the "Good Strength Chair" (Metitur Oy, Jyvaskyla, Finland) 33e35 (http://www.
oai.ucsf.edu/datarelease/forms.asp; release 0.2.2. and 3.2.1.). After two warm-up trials with 50% effort, the maximal isometric extensor and flexor force (N) was measured with the knee at an angle of 60 . The maximum of three measurements was used, for which satisfactory reliability has been reported 36 .
Statistical analyses
For cross-sectional comparisons, we used both isometric "strength" and isometric "strength normalized to body weight" 37, 38 .
Comparison between knees with and without progression was performed using two-sided, unpaired Welch's t-tests first, separately for male/female, and KLG 0/1 and 2/3 knees. Next, we used a separate slope ANCOVA model adjusting for age and body mass index (BMI). Because we have recently shown that knees with frequent knee pain demonstrate lower quadriceps strength than contra-lateral knees without knee pain with the same radiographic (KLG) stage 35 , and because knees with frequent pain at baseline are known to exhibit greater rates of cartilage loss than those without pain 39 , our analyses were also adjusted for Western Ontario and McMaster Universities pain scores (WOMACp) as a confounder. Data were visually inspected for normality by using probability plots. In case of critical results, the KolmogoroffeSmirnov test was used to check whether data were normally distributed. The homogeneity of variances was tested by using the tests of Hartley and Bartlett 40 . 95% confidence intervals (CIs) based on unadjusted means were computed for the differences between progressor and non-progressor knees, and a P-value <0.05 was selected to indicate statistical significance. These computations were performed using STATISTICA 10.0 41 . An additional (confirmatory) logistic regression analysis is shown in Online appendix I.
Results
Demographics
The baseline demographic data of the 1,790 OAI participants, of whom 2,835 KLG0-3 knees (Fig. 1) (Fig. 1) . After excluding left knees in subjects in whom both knees were not progressing (n ¼ 261), 946 non-progressor knees (of 946 participants) were available as controls: 152 (16%) were KLG0, 136 (14%) KLG1, 481 (51%) KLG2, and 177 (19%) KLG3 (Fig. 1) . 536 knees (of 466 participants) showed progression during both Y2/Y4 and Y1/Y3. After excluding left knees in subjects in whom both knees were progressing (n ¼ 70), 466 progressor knees (of 466 participants) were available as cases: 57 (12%) were KLG0, 69 (15%) KLG1, 210 (45%) KLG2, and 130 (28%) KLG3 (Fig. 1) . Women with radiographic progression had a similar age to those without progression, but were heavier and had stronger knee pain than women without progression (Table I ). 27% of the female progressor knees were baseline KLG0/1, and 73% KLG2/3. Of the non-progressor knees 27% were KLG0/1 and 73% KLG2/3. Men with radiographic progression also had a similar age compared with non-progressor knees, were somewhat heavier, and had stronger knee pain than non-progressors (Table I ). 27% of the male progressor knees were KLG0/1 and 73% KLG2/3; 36% of the nonprogressor knees were KLG0/1 and 64% KLG2/3.
Cross-sectional (primary) analysis of isometric muscle strength prior to radiographic progression
Although female knees with progression showed slightly lower extensor strength (at Y2) than those without progression, this difference [À7.8 N (95% CI: À20.6/þ5.0 N)] was not significant before or after adjustment for age, BMI and WOMACp (Table II) . The difference was greater and reached statistical significance when strength was individually normalized to body weight [À0.2 N/kg (95% CI: À0.39/À0.01 N/kg), P ¼ 0.038]. However, this relationship was attenuated when adjusting for WOMACp (P ¼ 0.09), age (P ¼ 0.66), or BMI (P ¼ 0.46), and no difference was observed when adjusting for all three covariates (P ¼ 0.38; Fig. 2 ). Female progressor knees also showed lower flexor strength (per weight) than those without progression, but the difference failed to remain significant after adjustment for WOMACp, age, or BMI (Table II) . In female KLG0/1 knees, the difference between progressor and non-progressor knees was somewhat stronger for extensor strength [À19.5 N (95% CI À43.3/ þ4.3 N)] and flexor strength (À11.7 N; 95% CI 23.8/þ0.4 N) than in female KLG 2/3 knees (Table II) , but it was not statistically significant (Table II; Fig. 2 ). These results were confirmed by logistic regression analysis that treated progression as the outcome and isometric muscle strength as the predictor (Online appendix I).
Longitudinal (secondary) analysis of isometric muscle strength prior to radiographic progression
The observed longitudinal loss of extensor muscle strength in the interval prior to radiographic progression (BL/Y2) was greater in female knees with radiographic progression than in those without (À21.0 vs À15.9 N). However, the variability of change between subjects was large and the difference (À5.15 N; 95% CI: À16.1/þ5.8 N) did not reach statistical significance before or after adjusting for confounders (Table III, Fig. 3 ). The observed loss of flexor strength also was greater in female knees with progression than in those without, but again the difference was not significant (Table III) . These observations also applied to KLG 0/1 and KLG 2/ 3 strata (Table III; Fig. 3 ). Again, these results were confirmed by logistic regression analysis (Online appendix I).
Exploratory comparisons
The observed extensor and flexor isometric strength at Y2 tended to be greater in men with radiographic progression than in those without, particularly in those with KLG2/3 (Supplement Table I ), but the difference was not significant. After normalization to body weight, extensor and flexor strength per unit body weight strength results were similar between male progressor and non-progressor knees, but were still somewhat (but not significantly) elevated in KLG 2/3 progressor knees (Supplement Table I ). Across all male knees, the loss of extensor and flexor isometric muscle strength in the period preceding radiographic progression was slightly less in knees with subsequent radiographic progression than in those without, but the difference did not reach statistical significance (Supplement Table II ). In male KLG 0/1 knees, the loss of extensor muscle strength tended to be greater, and in KLG 2/3 less in progressor vs non-progressor knees, but again the differences did not reach statistical significance (Supplement Table II ). At baseline, (2 years prior to the interval of progression), the difference between progressor and non-progressor knees was even smaller than that at Y2 and was not significant (Table II and  Supplement Table I ).
Of the 466 progressor knees, 408 also had Y4, and of the 946 non-progressor knees, 852 also had Y4 isometric muscle strength data available. In the interval during which progression was evaluated (Y2/Y4), female progressor knees displayed a very small gain in extensor strength (þ1.03 N), whereas non-progressor knees lost a little extensor strength (À6.66 N). Progressor knees (À1.62 N) and non-progressor knees (À4.52 N) both lost flexor strength, but neither difference attained statistical significance (Table II and  Supplement Table I ). In male knees, the change in strength during Y2/Y4 did not differ between progressor and non-progressor knees (Table III; Suppl. Table II) .
Discussion
To our knowledge, this is the first study to look at longitudinal changes of isometric muscle strength before an interval of radiographic (structural) progression. The objective was to test whether thigh isometric muscle strength is less (and shows greater longitudinal change) in women with subsequent radiographic progression of KOA than in those without. We further tested whether differences in strength (and those of longitudinal change in strength) between progressor vs non-progressor knees were stronger in female pre-osteoarthritic knees (KLG 0/1) than in female knees with definite radiographic KOA (KLG 2/3). To accommodate analysis of several muscle strength measures and time points/periods without risk of severely accumulating possible type 1 errors, care was taken to clearly define the primary, secondary and exploratory analyses.
Although women with progression tended to have lower, and men with progression greater thigh isometric muscle strength prior to the interval of radiographic progression than those without progression, the variation between subjects and the overlap between progressors and non-progressors was large. Thus, the mean differences did not reach statistical significance after adjustment for confounding by age, BMI and WOMACp, despite the relatively large sample. Although reductions in thigh isometric muscle strength tended to be greater between female KLG0/1 progressor vs non-progressor than between female KLG 2/3 progressor vs nonprogressor knees, this difference also did not reach statistical significance. Further, cross-sectional differences in muscle strength 2 years prior to the observation period of radiographic progression, and longitudinal changes in muscle strength concomitant to the period of progression did not differ significantly between progressor and non-progressor knees in women or men, or in KLG 0/1 and KLG 2/3 strata.
The strength of the study is that a large sample was available for selecting radiographic progressor and non-progressor knees. This resulted in comparatively narrow CIs that reduce the risk of the study being underpowered for detecting clinically relevant differences in isometric muscle strength between knees with and without radiographic progression. Further, one observation period (Y2/Y4) was used to define progression, and another independent one was used to confirm it, that did not share the same measurement time points (Y1/Y3). This was done to reduce the risk of misclassification due to positioning error or variability between radiographs 31, 42 . Progressor knees are known to represent only a very limited subsample of KOA participants, even when being determined with highly sensitive methods such as subregional magnetic resonance imaging (MRI) 43 . Further, by excluding knees that showed an increase in the Osteoarthritis Research Society International (OARSI) JSN grade in the lateral compartment, we ensured that participants with lateral progression were not classified as non-progressor controls, as may happen when only medial mJSW is used as a criterion. Although the specific threshold that was used for defining medial radiographic progression was at the lower end of those reported in a meta-analysis 44 , we believe that applying this threshold to two independent (albeit overlapping) observation periods in the same individual provided a conservative and robust approach for identifying radiographic "progressors". In subjects with bilateral progression (or non-progression), only one knee per person was used as a case (or control), because observations in contra-lateral knees may be correlated and cannot be expected to provide fully independent information 45 .
A particular strength of our study design was its focus on muscle strength changes during an interval that preceded that of radiographic progression. In this particular analysis, every participant served as his/her own control, and a significant relationship between longitudinal change and subsequent structural progression would have been suggestive of potential benefits in modifying strength to reduce subsequent progression. Cross-sectional analyses were not only performed immediately preceding the period of potential progression, but also 2 years earlier, which is important from a prognostic view point. Further, we were able to stratify women vs men, and knees with established radiographic KOA (KLG 2/3) vs pre-osteoarthritic knees with risk factors of KOA (KLG 0/1), for which differences in the relationship with structural progression of KOA have been proposed 13 . This aspect also is important because there are known challenges in detecting a relationship between a potential risk factor and structural progression, if the same risk factor also is involved in the onset of structural (radiographic) disease 46 . This challenge exists because of a potential alternative non-causal path between the exposure (muscle strength) and ROA progression that has been addressed as collider bias 46 . Yet, there is no convincing evidence that low muscle strength is a risk factor for incident radiographic KOA 13, 20, 25 , and analyzing the relationship between strength and radiographic progression in a subcohort that does not have radiographic KOA alleviates this issue. Yet, we were unable to confirm in such a (KLG 0/1) subcohort that knees with radiographic progression have lower thigh isometric muscle strength than those without. With regard to those with pre-existing radiographic KOA (KLG2/3), we may not be able to proof a lack of causality between change in muscle strength and progression, but we can claim that isometric measurement of muscle strength does not help in empirically predicting who will exhibit structural progression and who will not. Our findings do not rule out the possibility that muscle strength predicts structural progression in the femoro-patellar joint 24 ; but this relationship could not be examined here, because the OAI did not provide quantitative radiographic measures of the femoropatellar joint. Another limitation was that we were unable to 37, 38 . Although it is unclear whether muscle strength linearly scales with body weight 13 , our results for normalized and non-normalized strength comparisons were similar, and using both approaches should sufficiently cover various potential relationships. Another potential limitation of the study is that strength was determined under isometric conditions, and not isokinetically 13 or using functional tests, such as the one-leg rise time 23 . Isometric strength may be less related to the physiologically relevant biomechanical protection of the knee than other measures of strength, which involves more coordinative components. Also, it has been suggested that isokinetic strength was a better predictor of pain and disability scores than isometric strength 47 ; however, for the ease of implementation, the OAI did not provide isokinetic measurements of muscle status. Previous studies on the relationship between baseline muscle strength and radiographic progression (or other measures of structural change) have yielded contradictory results 21e26, 37, 38 . It has been suggested recently that these discrepancies my results from studying men and women and knees with and without definite radiographic KOA in pooled cohorts, and that a relationship might only exist in women without evident radiographic KOA 13 .
Our data suggest a trend toward female progressors having slightly less thigh isometric strength (and slightly greater longitudinal isometric strength loss) prior to radiographic progression. This trend was somewhat stronger in KLG 0/1 than in KLG 2/3 knees, but was not significant in either group. The opposite trend was observed in men, particularly in those with definite radiographic KOA (KLG2/3). However, given the lack of statistical significance in this relatively large cohort, our findings do not strongly support the concept that thigh muscle status is associated with subsequent radiographic progression in KOA. Along those lines, a recent interventional trial was unable to identify structural benefits of strength training on KOA 19, 48 . It may well be that in some knees, lack of muscle strength contributes to radiographic progression by providing less biomechanical protection 13 , whereas in others, an increase in muscle strength may increase dynamic joint loading 22 , which in turn leads to greater structural progression and cartilage loss 4 . However, as a general concept, there is no strong evidence that (change in) isometric muscle strength is related to structural outcomes of KOA, and we suggest that this relationship, if existent at all, is very small at best across general KOA cohorts.
In conclusion, despite a relatively large sample and a very robust definition of radiographic progression in KOA, using two independent time intervals, this study provides no strong evidence that (change in) thigh isometric muscle strength is associated with radiographic progression in a subsequent time interval. Particularly, such a relationship could not be detected in a subsample of female pre-osteoarthritic knees with risk factors of KOA that did not exhibit definite radiographic KOA.
